). To uncover the signal sensed by the PhoP/PhoQ-mediated activation of PmrA-regulated the PmrB protein, we searched the sequence databases genes . The iron-promoted for PmrB homologs, aligned their putative periplasmic expression of pbgP was dependent on functional PmrA regions, and examined whether the conserved amino and PmrB proteins because no pbgP transcription was detected in either pmrA or pmrB null mutants (Figure acids resemble known protein motifs. Nine of the 31 putative periplasmic residues were conserved among 2A). Acidification (i.e., growth at pH 5.8 rather than pH 7.7) increased iron-promoted pbgP transcription (data the PmrB proteins of Salmonella enterica, Escherichia coli, Klebsiella pneumoniae and Yersinia pestis (Figure not shown), consistent with iron solubility being inversely proportional to pH (Miller and Berner, 1989 ). 1C). Four of the nine conserved residues were glutamates in the twice repeated ExxE sequence, which Likewise, lowering the magnesium concentration from 10 mM to 10 M Mg 2ϩ resulted in higher levels of ironresembles the RExxE motif present in the yeast iron transporter FTR1 (Stearman et al., 1996) , in the iron perpromoted pbgP transcription ( Figure 2D ), in agreement with the notion that magnesium can compete with iron meases CaFTR1 and CaFTR2 from Candida albicans (Ramanan and Wang, 2000) Figure 2C ), indicative that iron specifically controls expression of PmrA-dependent loci. Growth in low magnesium promotes transcription of PmrA-regulated genes by a mechanism that requires the PhoP/PhoQ two-component system ( ; Figure 2D ) and the PhoP-activated gene pmrD (Kox et al., 2000) . In contrast, the PhoP/ PhoQ system is not necessary for the iron-mediated activation of PmrA-regulated genes because pbgP expression reached 40% of the wild-type levels in isogenic phoP and phoQ null mutants ( Figure 2D ). As expected, there was no pbgP transcription in the pmrA and pmrB mutants regardless of the growth condition ( Figure 2D ). These results show that the PhoP/PhoQ system is essential for the low magnesium activation of PmrA-activated genes, but dispensable for transcription of PmrAactivated genes during growth in the presence of iron.
PmrB Responds to Periplasmic Iron
As described above, the PmrB protein harbors two transmembrane helixes that define a 31 amino acid periplasmic region that could be involved in iron sensing ( Figure 1B) . To verify the proposed topology for the PmrB protein (Roland et al., 1993), we prepared spheroplasts from E. coli cells expressing either the full-length PmrB protein or the cytoplasmic domain of PmrB and incubated them in the presence of trypsin. Protein samples were then separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and the PmrB-derived fragments were identified by Western blot analysis using antibodies raised against the cytoplasmic domain of PmrB. In agreement with the PmrB protein harboring a periplasmic domain, trypsin digested the full length PmrB protein but not the cytoplasmic domain of PmrB ( Figure 3A) .
We examined whether the PmrB periplasmic domain is required for iron sensing by investigating transcription of the pbgP gene in a pmrB mutant harboring a plasmid expressing either the wild-type PmrB protein or a mutant Strains deleted for either the pbgE2 or pbgE3 genes behaved like the pmrA and pmrB mutants in that they were unable to grow in the presence of iron ( Figure  7B ). On the other hand, strains with mutations in pbgP1, pbgP2, pbgP3, pbgP4, pbgE1, pmrC, pmrG or ugd grew like the wild-type strain ( Figure 7B ). Iron was not only bacteriostatic but also exerted a bactericidal effect upon the pmrA mutant. When bacteria were grown at pH 5.8, 10 M MgCl 2 to promote expression of PmrA-activating genes, resuspended in the same media and incubated in the presence of increasing concentrations of FeSO 4 , there was a dose-dependent killing of both wild-type and pmrA bacteria at iron concentrations that normally promote transcription of PmrA-regulated genes. However, whereas Ͼ90% of the wild-type organisms remained after 2 hr exposure to iron, the percentage of surviving microorganisms was Ͼ31-fold lower in the pmrA mutant ( Figure 7C ). The pmrA mutant was also hypersensitive to killing by FeCl 3 and FeNH4(SO 4 ) 2 (data not shown).
Genetic studies have established a direct correlation between cytoplasmic iron levels and oxidative stress (Neiderhoffer et al., 1990; Touati, 2000; Touati et al., 1995). However, the PmrA/PmrB system appears neither to modulate cytoplasmic iron levels nor to mediate the adaptation to oxidative stress: First, transcription of the Fur-repressed iroA gene was regulated by iron in identical fashion in isogenic pmrA ϩ and pmrA strains (data not shown). Second, the pmrA mutant exhibited wildtype levels of resistance to hydrogen peroxide, methyl viologen, ter-butyl hydroperoxide, cumene hydroperox- stasis is achieved by controlling uptake, storage and secretion, processes typically regulated transcriptionally and posttranscriptionally by proteins that respond The capacity to undergo reversible changes in its oxidation state makes iron an excellent biocatalyst, but also citrate (Braun, 1997). Iron appears to bind directly to the periplasmic domain of PmrB because two cleavage renders it potentially toxic due to its ability to react with oxygen to generate toxic radicals that can damage products were generated when bacteria expressing the full length PmrB protein were incubated with iron and macromolecules and cause cell death. Thus, organisms tightly regulate the cellular iron concentration. Our re-DTT (Figure 4) . The size of the PmrB-derived cleavage products and the absence of cleavage products in bacsults suggest that two distinct pathways govern iron homeostasis in enteric bacteria. These pathways differ teria expressing the PmrB variant missing most of its periplasmic region (Figure 4) suggests the periplasmic not only in the signals they respond to but also in the regulatory networks they control and the cellular domain of PmrB harbors two iron binding sites, which could correspond to the two HExxE sequences (Figchanges they promote (Figure 8 (Kox et al., 2000) and the activity was determined as described (Miller, 1972) . contains the C-terminal cytoplasmic domain of PmrB and was made on the same way as pUHpmrB except that primer 450 (5Ј-CGGGAT To investigate iron-mediated killing, two ml overnight cultures of wild-type and pmrA Salmonella were grown in N-minimal media 10 CCGATGCGGCGTATTACCCGTC-3Ј) was used instead of primer 420 . The nucleotide sequence of the cloned inverse PCR products M MgCl 2 pH 7.4 at 37ЊC, washed twice with one ml of N-minimal media 10 M MgCl 2 pH 5.8 and resuspended in one ml N-minimal was verified by sequencing both strands.
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